In three-dimensional light microscopy, the heterogeneity of the optical density in a specimen ultimately limits the achievable penetration depth and hence the three-dimensional resolution. The most direct approach to reduce aberrations, improve the contrast and achieve an optimal resolution is to minimise the impact of changes of the refractive index along an optical path. Many implementations of light sheet fluorescence microscopy operate with a large chamber filled with an aqueous immersion medium and a further inner container with the specimen embedded in a possibly entirely different non-aqueous medium. In order to minimise the impact of the latter on the optical quality of the images, we use multifacetted cuvettes fabricated from vacuum-formed ultra-thin fluorocarbon (FEP) foils. The ultra-thin FEP-foil cuvettes have a wall thickness of about 10-12 µm. They are impermeable to liquids, but not to gases, inert, durable, mechanically stable and flexible. Importantly, the usually fragile specimen can remain in the same cuvette from seeding to fixation, clearing and observation, without the need to remove or remount it during any of these steps. We confirm the improved imaging performance of ultra-thin FEP-foil cuvettes with excellent quality images of whole organs such us mouse oocytes, of thick tissue sections from mouse brain and kidney as well as of dense pancreas and liver organoid clusters. Our ultra-thin FEP-foil cuvettes outperform many other sample-mounting techniques in terms of a full separation of the specimen from the immersion medium, compatibility with aqueous and organic clearing media, quick specimen mounting without hydrogel embedding and their applicability for multiple-view imaging and automated image segmentation. Additionally, we show that ultra-thin FEP foil cuvettes are suitable for seeding and growing organoids over a time period of at least ten days. The new cuvettes allow the fixation and staining of specimens inside the holder, preserving the delicate morphology of e.g. fragile, mono-layered three-dimensional organoids.
Light Sheet Fluorescence Microscopy (LSFM) has revolutionized the imaging of three-dimensional specimens ranging from micrometres (spheroids, organoids) to centimetres (biopsies, model organisms) in diameter [1] [2] [3] [4] . Light spots and light sheets based on conventional light sources have been used for more than one century. An excellent example is Zsigmondy's ultramicroscope for the study of the physicochemical properties of colloids 5 . However, lasers are required for the true optical sectioning capability. While laser-based light sheet-based macroscopes had been built several times 6 , the performance of light sheet at a microscopic level was not known until Huisken et al., 7 described a diffraction-limited laser light sheet-based fluorescence microscope, applied it to live biological samples and evaluated its applicability for multiple-view imaging 8, 9 . In 2007, SPIM was applied for the imaging of 3D cell cultures in collagen gel and of multicellular tumor spheroids 8 . The same year, Dodt et al. used a light sheet microscope to image large optically cleared specimens, including mouse brain 10 . The introduction . In order to reduce strong light scattering effects caused by refractive index mismatches in three-dimensional dense tissues, optical clearing solutions are used to homogenise the refractive indices across the whole sample. The impulse given by LSFM led to the ongoing development of new clearing protocols in the last decade. Dodt et al. combined the century-old Spalteholz/BABB optical clearing method 22, 23 with LSFM, obtaining 3D reconstructions of the mouse brain 10 . Currently, two major families of optical clearing solutions are used: (1) organic solvents-based and (2) water-based clearing solutions 24, 25 . Solvent-based optical clearing methods are e.g. BABB (benzyl alcohol and benzyl benzoate), uDISCO 26 and Ethanol-ECi 27 . Many water-based clearing protocols have been developed since 2011. These methods can be distinguished in (1) hydrogel embedding-based, such as CLARITY 28 , (2) immersion-based (for which the refractive index matching is achieved just by immersion), e.g. SeeDB 29 , and (3) hyperhydration-based, such as e.g. CUBIC1, and CUBIC2 30 . All these clearing protocols have drawbacks, and have been optimized for specific organs. Comparative studies assessed the applicability range of several methods 31, 32 . Organic solvents for optical clearing are often chemically aggressive and damage the objective lenses or the LSFM sample chamber. Thus, a common approach uses large glass or quartz cuvettes to contain the clearing medium, in which the specimen is immersed 33 . For this imaging approach, low magnification air objective lenses or macro lenses with low numerical apertures (NAs) are frequently used 33, 34 , which tend to yield relatively low-resolution images. Water-based clearing solutions are less corrosive compared to organic solvents and can be combined with immersion objective lenses with higher NAs, which allow for a higher resolution and a better image quality. Nevertheless, the handling of large volumes of optical clearing solutions can be challenging, e.g. due to high viscosity or crystallisation of some components in the solution.
In a previous publication, we used thin square cross section glass capillaries with an inner side length of about 1 mm for mounting small organically cleared specimens. This allowed us to use immersion objective lenses in combination with less or non-corrosive media to fill the LSFM chamber 35 . Although we successfully applied this method to the in toto study of drug-treated spheroids 36 , connecting and sealing the capillary to the holder proved to be time-consuming.
We introduced fluorocarbon foil (fluorinated ethylene propylene, FEP) for LSFM in 2010, when we used FEP-cylinders to investigate the dynamics of microtubule asters in Xenopus laevis egg extracts. The FEP-cylinders allowed the observation of 3D microtubule dynamics unhindered by rigid and flat surfaces 37 . In developmental biology, FEP-cylinders with an 800 µm inner diameter and a 400 µm wall thickness filled with low concentrations of agarose (0.1%) or methylcellulose (3%) provided a more physiological confinement for the long-term live imaging of zebrafish development 38 . Here, we describe how to fabricate and use ultra-thin FEP-foil cuvettes that eliminate the need for agarose/ hydrogel embedding in LSFM imaging. The cuvettes are closed at the bottom end, which greatly simplifies handling compared to the previously used glass capillaries and FEP-cylinders. They allow fast and straightforward specimen mounting using a forceps or pipettes to deposit the specimen into the cuvettes, and facilitate full containment of the internal mounting medium. The ultra-thin FEP-foil cuvettes are compatible with aqueous media as well as with water-based and organic clearing solutions, which all differ in their refractive indices. Compared to agarose embedding, a key advantage of ultra-thin FEP-foil cuvettes is that the clearing medium of choice is confined within the cuvette, whereas the LSFM chamber itself can be filled with harmless and easily handled index-matching media, such as 2,2′-Thiodiethanol (TDE), CUBIC2 or Iodixanol [39] [40] [41] . A major advantage of the ultra-thin FEP-foil cuvettes is that they minimise the effect of refractive index mismatch between FEP (n = 1.34) and the surrounding mounting medium (water n = 1.33; TDE n = 1.41; CUBIC2 n = 1.48; Iodixanol n = 1.75) by their reduced wall thickness of only a few microns (~10-12 µm). Our data show that ultra-thin FEP-foil cuvettes allow high quality imaging of native (non-cleared) and optically cleared 3D specimens, such as liver and pancreas organoids, thick murine kidney and brain tissue sections as well as whole murine ovaries. In order to demonstrate the suitability of the cuvette to handle both solvent-based and water-based clearing solutions, we used Ethanol-ECi and CUBIC2 solution, respectively. Their usage is simple of use and they effectively clear our specimens. The image quality allows for the application of multiple-views image reconstruction and for the subsequent application of automated quantitative image analysis pipelines 42, 43 .
Material and Methods
FEP-foil. FEP-foil was purchased from Lohmann Technologies Ltd, UK (50 µm thickness, Batch No. GRN069662).
Fluoroethylene propylene (FEP) is a thermoplastic fluorocarbon polymer composed of the monomers tetrafluoroethylene (CF 2 = CF 2 ) and hexafluoropropylene (CF 2 = CF-CF 3 ). FEP-films have outstanding properties for light microscopy. FEP-films are transparent with a refractive index of 1.341-1.347, which is close to the refractive index of water (1.333; 589.3 nm and 20 °C). Like most fluorocarbon plastics, FEP is chemically inert and resistant to organic solvents, acids and bases. Moreover, the material is autoclavable and biocompatible according to FDA (21CFR.177.1550) and EU (2002/72/EC) requirements (source: DuPont FEP-Fluorocarbon Film -Properties Bulletin).
Fabrication of positive moulds for vacuum forming. We designed positive moulds of the cuvettes by using the free CAD software "123D Design" (Autodesk Inc., version 2.2.14) (Fig. 1, Supplementary Fig. 1a,b) . The 3D drawings were exported to the stereolithographic file format (.stl). The positive moulds were produced by Shapeways (Eindhoven, NL, www.shapeways.com), which uses UV cured acrylic polymer (commercially designed as "ultra-frosted detail") in a Multijet Modelling (MJM) printing process. Two positive moulds, with arrays of square and octagonal cross section pillars, respectively, were 3D-printed (Fig. 1b) . The acrylic polymer has the required mechanical and thermal properties to withstand the vacuum forming process. The MJM printing process allows a detail resolution of 16 µm layer thickness, which is adequate for these moulds. Prior to their usage, the positive moulds are cleaned by immersion in an ultrasonic bath and inspected with a stereomicroscope.
Cuvette fabrication with vacuum forming. In order to prepare a 3 × 3 array of vacuum-formed ultra-thin FEP-foil cuvettes, a 12 cm × 12 cm square patch of FEP-foil (Type A, general purpose, thickness 50 µm, DuPont de Nemours Int'l SA, Geneva, Switzerland) is clamped into the frame of a vacuum-forming machine (JT-18, Jin Tai Machining Company, Yuyao, PR of China). Once the heater raises the temperature close to the glass transition temperature of the FEP-foil (260-280 °C), the positive mould is promptly placed onto the vacuum-forming machine, the vacuum suction is switched on and the foil is quickly pressed onto the mould (Fig. 1b, Supplementary Fig. 2 ). Subsequently, the extruded FEP-cuvette array is carefully removed from the mould with forceps, and cleaned with a detergent solution (1% Hellmanex-II in ultrapure water) in an ultrasonic bath for 10 minutes. The individual cuvettes are cut from the array with a scalpel. Finally, individual cuvettes are glued onto stainless steel pins (diameter 3 mm, length 20 mm) using instant glue (Pattex, Repair Extrem) (Fig. 1c,f) . www.nature.com/scientificreports www.nature.com/scientificreports/ Specimen preparation. Fixed specimens. Murine brain: Adult murine brains from a transgenic strain bred from the C57BL6/J genetic background, and expressing GFP under the control of the Thy-1 promoter (see Feng et al. 44 ) were kindly provided by Dr. Walter Volknandt, Goethe-Universität Frankfurt, Faculty of Neurobiology and Biosciences. Mice were kept under 12 hours light and dark cycle with food and water ad libitum. Mouse perfusion was performed according to Stefani et al. 45 . Briefly, the mice were euthanized by an intraperitoneal injection of ketamine (180 mg/kg of body weight; Ketavet) and xylazine (10 mg/kg of body weight; Rompun) and intracardially perfused with 10 ml of ice-cold physiological saline (0.9% NaCl) followed by perfusion with 150 ml ice-cold 4% paraformaldehyde in phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4). Removed brains were postfixed over night at 4 °C in the same fixative and cryoprotected with 30% sucrose/PBS for 24-48 h at 4 °C.
Prior to clearing, the brains were washed three times with PBS for 15 minutes, and the hemispheres were separated. Next, the hemispheres were cut into smaller blocks, with a size of approximately 5 mm × 5 mm × 1.5 mm (Fig. 1d) . The blocks were incubated with CUBIC2 clearing solution in a reaction tube overnight. Before imaging, the CUBIC2 solution was refreshed, and, using forceps, the blocks were inserted into octagonal ultra-thin FEP-foil cuvettes with a diameter of 5 mm (Fig. 1c) .
Murine kidney: The kidney was fixed in 4% PFA in PBS at 4 °C overnight. Prior to clearing, the kidney was washed three times with PBS for 15 minutes and cut in small blocks.
Murine ovary: Explanted and ex vivo cultured ovaries, expressing GFP-cKit specifically in all oocytes, were treated as previously published 46, 47 . Staining was performed as published by Smyrek et al. 35 with slight modifications. Briefly, ovaries were harvested from eight day-old (P8) female GFP-cKit mice and fixed in 4% PFA in PBS overnight. The ovaries were permeabilised with 0.3% Triton X-100 in PBS for 30 minutes at room temperature in a 96-well flat-bottom plate (Greiner), while shaking at 450 rpm. Next, the ovaries were treated with blocking buffer (0.3% Triton X-100, 0.05% Tween-20, 0.1% BSA and 10% donkey serum in PBS) for 2 hours at room temperature. After blocking, the ovaries were incubated with DAPI (Thermo Fisher; 1 μg/ml in blocking buffer) at 37 °C in a humidified incubator in the dark for 24 hours. Afterwards, the ovaries were washed three times with PBS in the dark for 20 minutes, and were kept in PBS at 4 °C, protected from light in a humidified incubator. The ovaries were washed four times in CUBIC2 solution before being transferred into the octagonal FEP-cuvettes containing CUBIC2 solution with forceps ( Fig. 2c,d ). To avoid floating ovaries, it is important to make sure that no air bubbles enter the cuvette.
Human and murine organoids: Human adult liver-derived organoids were initiated from biopsies of healthy donor liver (~0.5 cm 3 ) collected during liver transplantation performed at the Erasmus MC -University Medical Center Rotterdam (NL). Liver-derived organoids were cultured in expansion medium for seven days as previously described 48 . Murine and human adult pancreas-derived organoids were obtained from Meritxell Huch (Gurdon Institute, Cambridge, UK). Pancreas-derived organoids were cultured as previously described 18 with adjustments for human pancreas-derived organoids (Meritxell Huch, personal communication, unpublished data). Isolation of organoids from the embedding matrix (human liver organoids: Matrigel, Corning; human pancreas organoids: Cultrex BME2, Amsbio) for fixation and whole-mount staining was performed with slight modifications of protocols published by Broutier et al. 49, 50 . Briefly, organoids were extracted from the matrix by washing three times with ice-cold 0.1% BSA in PBS. Organoids were fixed with 2% PFA in PBS on ice for 30 min. Whole-mount staining of the specimens was done using an adapted version of a protocol previously published by Smyrek et al. 35 . Human pancreas organoids were additionally immuno-stained against Sox9 (primary antibody: Merck Millipore, AB5535; secondary antibody: goat anti-rabbit IgG (H + L) Alexa Fluor 488, Thermo Fisher, A11008) and labelled with Alexa Fluor 568 Phalloidin (Thermo Fisher, 1:200). All the organoids were counter-stained with DAPI (Thermo Fisher; 1 μg/ml in PBS). The stained specimens were washed three times and stored in PBS at 4 °C. Liver organoid clusters (Fig. 3) , still partially embedded in Matrigel, were gently transferred from an embryo dish ( Fig. 1e ) into ultra-thin FEP-foil cuvettes using a pipette with a 100 µl tip cut at the end in order to avoid damaging of the specimen due to shear forces (Fig. 1c,f ). These cuvettes with a square cross section were attached to stainless steel pins and pre-filled with PBS. PBS was used as both mounting (in the cuvette) and imaging medium (in the DSLM chamber, Fig. 1g ). The same mounting procedure was used for single human pancreas organoids (Fig. 2c) . For nuclei segmentation, murine pancreas organoids were grown within ultra-thin FEP-foil cuvettes for three days ( Supplementary Fig. 6 ). Prior to organoid seeding, the ultra-thin FEP-foil cuvettes were sterilised in 75% ethanol for at least 3 hours, washed thoroughly with PBS and dried. They were then filled with 20 µl of Matrigel containing organoid fragments, placed into a 48-well plate and fully covered with expansion medium. After three days of culture, the ultra-thin FEP-foil cuvettes containing the organoids embedded in Matrigel were briefly washed with PBS and fixed with 4% PFA in PBS supplemented with 1% glutaraldehyde (Electron Microscopy Sciences, 16020) for 30 minutes at 4 °C. After two short washing steps with PBS, up to three ultra-thin FEP-foil cuvettes were pooled in a 1.5 ml tube and stained with DAPI (Thermo Fisher; 1 μg/ml in PBS) overnight. For imaging, the filled FEP-cuvettes were attached to stainless steel pins using instant glue. PBS was used as imaging medium to fill the DSLM chamber.
Live specimens. Live murine organoids in FEP-foil cuvettes: Murine pancreas organoids were also grown within ultra-thin FEP-foil cuvettes for up to 10 days. Overview images of the FEP-cuvettes containing living organoids were taken 0 h, 144 h and 240 h after seeding using the Zeiss SteREO Discovery.V8 equipped with a AxioCam ICc1 Camera (Fig. 4a) .
Ethical approvals. Animal treatment of mice expressing GFP under the control of the Thy-1 promoter was performed under veterinary supervision in accordance with animal welfare regulations of the German animal protection law (Regierungspräsidium Darmstadt and Karlsruhe, Germany). All mice were maintained in an animal facility, and the experimental procedures were approved by the Animal Welfare office of the Regierungspräsidium Darmstadt and Karlsruhe. Animal care and handling of mice expressing GFP-cKit were performed according to the guidelines set by the World Health Organization (Geneva, Switzerland). The Ethics Approval REC No. 12/ EE/0253 from the UK National Research Ethics Service (NRES) covers the ethical issues involved the generation and culture of the pancreas organoids used in the LSFM4LIFE project and in this work. Medical ethical approval for working with human liver organoids has been granted the Medical Ethical Committee (METC) of the Erasmus Medical Center in Rotterdam, The Netherlands (MEC-2014-060). Patients provided informed consent and all methods were performed in accordance with the relevant guidelines and regulations.
Optical clearing. Whole murine ovaries and brain sections. For clearing of whole murine ovaries 46 and large tissue sections of murine brain, we used CUBIC2 clearing solution 40 . Briefly, 50% w/v sucrose, 25% w/v urea and 15% w/v deionized water were mixed and stirred at 60 °C. After all components were dissolved, 10% w/v 2,2′,2′'-nitrilotriethanol was added and stirred at room temperature. The clearing solution was de-gassed www.nature.com/scientificreports www.nature.com/scientificreports/ by placing it into a desiccator for about 20 minutes. Finally, the refractive index was determined (n = 1.49). The specimens were immersed in CUBIC2 in a reaction tube overnight.
Murine kidney. Optical clearing of murine kidney was performed with ethyl cinnamate (ECi, n = 1.58) 27 . The specimen was dehydrated with increasing concentrations of ethanol in ultrapure water. After the last dehydration step with 100% ethanol, the specimen was immersed in ECi in a reaction tube overnight.
Cleaning procedure for re-using the ultra-thin FEP-foil cuvettes. The imaged specimen was removed and the cuvettes were transferred into a 15 ml reaction tube. Next, the cuvettes were washed in a 1% solution of Hellmanex-II in ultrapure water at room temperature on a rotator overnight. After washing, the Hellmanex-II (Hellma Analytics, Müllheim, DE) solution was discarded and the cuvettes were rinsed twice with ultrapure water for at least one hour on the rotator. After drying at 60 °C for at least one hour, the cuvettes can be re-used. Slight deformations of the cuvette's walls caused by the washing procedure can be corrected by gentle stretching with of a pair of tweezers.
LSFM imaging. The FEP-cuvettes were glued onto stainless steel holders (Fig. 1f ) and images were acquired with one custom-built monolithic digital-scanned light sheet-based fluorescence microscope (mDSLM) 11 , which features a motorized xyzϑ-stage placed below the specimen chamber (Fig. 1g) . The microscope was equipped with an Epiplan-Neofluar 2.5x/0.06 illumination objective (Carl Zeiss), an N-Achroplan 10x/0.3 detection objective (Carl Zeiss) and a Clara CCD camera (ANDOR Technology, Ireland). Laser wavelength and bandpass filter sets (centre wavelength/full-width at half maximum): 561 nm, 607/70 nm; 488 nm; 525/50 nm, 405 nm, 447/50 nm.
Imaging of sub-wavelength fluorescent beads. The fluorescence intensities of single TetraSpeck microspheres (Thermo Fisher) were used as a measure for the relative axial (yz) and lateral (xy) fluorescence intensity distributions in PBS and in CUBIC2 microscopy immersion media, respectively. Microspheres were embedded with low-melting point agarose in square cross section ultra-thin FEP-foil cuvettes. We used an mDSLM equipped with an Epiplan-Neofluar 2.5x/0.06 illumination objective (Carl Zeiss) and an N-Achroplan 10x/0.3 detection objective (Carl Zeiss). The microspheres were excited at 488 nm. A bandpass filter centred at 525/50 was used to record the fluorescence emitted by the beads. Images of microbeads close to centre of the agarose column were recorded and analysed with Fiji (ImageJ version 1.51d, Java version 1.6.0_24). Line intensity profiles were measured by using the line selection tool of Fiji and the Analyze/Plot Profile tool. The image of each www.nature.com/scientificreports www.nature.com/scientificreports/ microsphere was normalized by the maximal intensity value. The intensity profiles of 10 fluorescent microbeads along the xy-and yz-direction were analysed for each condition. After a Gaussian fitting of the lateral and axial distributions, the full width half maxima (FWHM) were determined as a measure for the resolution 51 .
Image processing. Raw image stacks were pre-processed with Fiji (ImageJ version 1.51d, Java version 1.6.0_24) 42 . The stacks were cropped to the region of interest. The background intensity was subtracted from every slice using the function Subtract Background (Fiji, ball radius of 60 pixels). The stacks were resliced with a www.nature.com/scientificreports www.nature.com/scientificreports/ factor of four along the z-axis. 3D maximum intensity projections were generated with Fiji (projection method: brightest point, 360° rotation angle, angular increments were set at 1° or 10°). The multi-view registration and fusion of the organoid stack displayed in Raw image stacks were pre-processed with Fiji (ImageJ version 1.51d, Java version 1.6.0_24) 42 . The stacks were cropped to the region of interest. The background intensity was subtracted from every slice using the function Subtract Background (Fiji, ball radius of 60 pixels). The stacks were resliced with a factor of four along the z-axis. 3D maximum intensity projections were generated with Fiji (projection method: brightest point, 360° rotation angle, angular increments were set at 1° or 10°). The multi-view registration and fusion of the organoid stack displayed in Fig. 3 was performed with Huygens Essential SPIM/Light Sheet Fusion & Deconvolution Wizard (Scientific Volume Imaging, NL) 52 . The volume rendering of the ovary in Fig. 2 was performed with the Fiji plugin 3D viewer 53 . Stripe filtering and deconvolution of the murine kidney dataset shown in Supplementary Fig. 4 were conducted with the Fiji plugins Parallel Iterative Deconvolution 3D v1.12 54 and with the VSNR V2 Variational Stationary Noise Remover 55 , respectively. In the VSNR plugin, a Gabor filter with a 90° angle, sigma_x = 3, sigma_y = 100, Lambda = 0 and a noise level = 0.3 were selected. The stack was processed in Mode 2D.
Automated nuclei segmentation. Nuclei segmentation was performed as previously published in
Schmitz et al. 2017 43 . Raw image stacks of the nuclei channel were pre-processed in Fiji (ImageJ version 1.51 h, Java version 1.8.0_66). The raw image stacks were cropped to the region of interest. Cell nuclei were extracted by means of an automated three-dimensional segmentation pipeline implemented in Wolfram Mathematica (version 10.3). In brief, pre-processed image stacks were rescaled with a factor of four along the z-axis to obtain isotropic voxels. Hence, in the resized 3D-image stacks, the voxels are isotropic with a pitch of 0.654 µm. The images were then deconvolved with a median filter range of three pixels. Cell nuclei segmentation was achieved by local thresholding and a marker-controlled immersion-based watershed algorithm. The local threshold corresponds to the mean of the local intensity distribution in a range of ten voxels. Marker points for the watershed algorithm were detected by a multiscale Laplacian of Gaussian seed detector with a minimal range of eight and a maximum range of twelve voxels 56, 57 . Marker points were increased by morphological dilation with a spherical structuring element and a radius of three voxel. Using the marker points as starting points, the final segmentation result was obtained by an immersion-based watershed algorithm 58 . Using Edelsbrunner's algorithm 59 , the cell nuclei centroids were used to compute an alpha shape with the alpha parameter set to 240 voxels. From the alpha shape, the approximate spheroid volume could be readily obtained. A cell graph 60, 61 was constructed with an edge distance threshold of 60 voxels capturing the spatial arrangement of cells and the local cell density within an organoid. The maximal outlier distance was 55 voxels. Features of all cell nuclei that had a volume greater than 500 and smaller than 18000 voxels, and global features of the spheroid were stored in tabular format.
Results
Fabrication of ultra-thin FEP-foil cuvettes can be easily adapted to specimen type and size. We designed two positive 3D-printable moulds for the fabrication of ultra-thin FEP-foil cuvettes (Fig. 1a) . Cuvettes with a square cross section are suitable for embedding small specimens in a diameter range of micro-to millimetres. Cuvettes with an octagonal cross section are used with specimens in a diameter range of several milli-to centimetres. The vacuum forming fabrication process results in a durable yet flexible shape. Also, the resulting stretching of the original FEP-foil with a thickness of 50 µm by a factor between 4 and 6 provides ultra-thin FEP-foils with a thickness of between 10 µm and 12 µm (Supplementary Fig. 2 ). Thinner original FEPfoils with a thickness of 25 µm did not provide mechanically stable extruded foils. Single cuvettes were cut from the array (Fig. 1b, right) and glued onto metal pins (sample holders) before depositing the specimen together with mounting medium into the cuvettes (Fig. 1f) . Since these ultra-thin FEP-foil cuvettes are both stable and resilient, small and large specimens such as dense organoid clusters (Fig. 1e) and thick murine brain sections (Fig. 1d) are easily deposited and positioned inside the cuvette using a forceps or pipettes (Fig. 1c) . Finally, the ultra-thin FEP-foil cuvette/metal pin sample holders were placed into the LSFM sample chamber filled with the imaging medium (Fig. 1g) . Figure 5a ,b illustrate the spherical aberration induced by the refractive index mismatch and the wall thickness. The ultra-thin foil produced during the vacuum-forming process reduces the wall thickness and minimises the image deterioration caused by the refractive index mismatch. To quantify the imaging properties of the ultra-thin FEP-foil cuvettes, we imaged sub-wavelength fluorescent microsphere inside the FEP-cuvettes with an mDSLM in different water-based media and measured the full width-half maximum of their lateral and axial intensity profile. The microspheres were embedded in PBS/agarose gel inside the cuvettes, which were subsequently immersed in the DSLM sample chamber filled with either PBS or CUBIC2 40 . Images of the lateral (xy) and axial (yz) extents of the fluorescent microspheres in PBS and CUBIC2 are shown in Fig. 5c,d , respectively. Figure 5e ,f display the corresponding lateral and axial extents of the bead images in PBS and CUBIC2. Despite the sub-optimal refractive index matching for the CUBIC2 setup, in which the emitted light has to pass through the PBS/agarose gel inside the cuvette, FEP (n = 1.34), and CUBIC2 (n = 1.48), the full width half maxima (FWHM) of the lateral and axial extents in CUBIC2 are smaller (30%) than the ones in PBS (Fig. 5g,h Ultra-thin FEP-foil cuvettes are generally applicable to in toto imaging. In order to test the applicability of ultra-thin FEP-foil cuvettes, we imaged a variety of biologically diverse specimens applying different sample mounting techniques. The specimens included CUBIC2-optically cleared whole murine ovaries, thick www.nature.com/scientificreports www.nature.com/scientificreports/ murine brain sections, ethyl cinnamate (ECi)-cleared murine kidney sections and native (non-cleared) human pancreas organoids (Fig. 2) . Individual whole murine ovaries expressing GFP-c-kit were stained with DAPI, cleared with CUBIC2 and placed into ultra-thin FEP-foil cuvettes with a square cross section (see Movie 1). It was possible to image the complete densely-packed organ with a 10x/0.3 objective lens, i.e. post-acquisition image stitching was not required. We easily distinguished the stromal cells, the boundary of the teca, the cell layers in the granulosa and the cytoplasm of the oocytes (Fig. 2a, detail view) . Supplementary Figure 3 shows 25 optical sections through the whole ovary of an eight day-old (P8) mouse. We also achieved promising results with thick murine brain sections, in which GFP was expressed under the control of the Thy-1 promoter (see Movie 2) . Figure 2b (single plane, detail view) shows an optical section of the granular layer in the dentate gyrus of the murine hippocampus. The cleared brain slice with a size of 5 mm × 5 mm was inserted into an ultra-thin FEP-foil cuvette with an octagonal cross section. A suitable region of interest (ROI) was selected and imaged with a DSLM. A maximum intensity projection of a Z-stack composed of 101 slices, a three-dimensional surface rendering, and a detail view show that the image quality is well-suited for morphological investigations of lipid-rich tissues. The image shows a single ROI and no subsequent image stitching was performed. The results of ovary and brain imaging demonstrate that the combination of clearing with CUBIC2 and ultra-thin FEP-foil cuvettes allows in toto analyses of mammalian organs and thick tissue slices. In order to determine the performance with organic clearing agents with a refractive index of around 1.5, we cleared a murine kidney section with ethyl cinnamate (ECi). The auto-fluorescence of the tissue was excited at 488 nm (see Supplementary Movie 1) . The image quality is not deteriorated, despite the large refractive index mismatch between the FEP-foil (n = 1.34) and ECi (n = 1.56) Fig. 4) . We further tested the performance of the ultra-thin FEP-foil cuvettes in combination with immuno-labelled organoids (see Movie 3) . Human pancreas organoids were stained with DAPI and phalloidin to visualise the nuclei and actin cytoskeleton, respectively, as well as immuno-stained against the pancreas progenitor marker Sox9 (Fig. 2c) . The close-up provides a detailed overview of the spatial distribution of the actin cytoskeleton, which is most prominent at the membranes facing the organoid lumen. In summary, these data suggest that the ultra-thin FEP-foil cuvettes are applicable to a wide variety of biologically diverse specimens, including native (non-cleared) and optically cleared specimens. They allow the microscopic assessment of subcellular structures in large specimens.
Ultra-thin FEP foils minimise image deterioration caused by refractive index mismatches.
Ultra-thin FEP-foil cuvettes are suitable for multiple-view imaging and three-dimensional multiple-view reconstruction. Delicate multi-cellular structures such as organoids, constituted by a cell-monolayer and a hollow lumen, are not suitable for optical clearing. The clearing procedures result in damage of the original architecture and their collapse. Thus, multiple-view imaging is required to achieve high-quality and isotropic 3D image stacks of the organoids. We imaged a dense cluster of several human liver organoids partially embedded in Matrigel and stained with DAPI inside ultra-thin FEP-foil cuvettes with a square cross section. Image stacks were recorded along four directions (0°, 90°, 180°, 270°) (Fig. 3) . This cluster (Supplementary Figure 5) , is a complex and highly light-scattering specimen. The small size of the square cross section FEP-cuvette (side length: 2 mm) allows for an unobstructed observation. Maximum intensity xz-projections along four different directions are presented in Fig. 3a . Each projection was aligned with the 0° projection. The detail views of the organoid cluster (Fig. 3b) reveal optical distortions that commonly occur with highly scattering samples. The elongated shape of the nuclei present in each single-view projection (particularly evident in Fig. 3b) , depends on the worse optical resolution along the zx axis compared to the xy axis (due to the more elongated PSF along xz). In contrast, the dataset resulting from the fusion of the four single views shows an isotropic resolution along at the xy, xz, and yz planes (Fig. 3 , panels "multiple-view fusion"). Multiple-view imaging and multiple-view fusion reduce the optical distortions and provide more detailed information on the subcellular level (Fig. 3b, Movie 4) . These data indicate the improvement of the image quality resulting from multiple-view imaging with ultra-thin FEP-foil cuvettes and multiple-view fusion of native (non-cleared) specimens.
Ultra-thin FEP-foil cuvettes are suitable for long-term culture of organoids and high quality imaging for quantitative image-based analyses. Image-based analyses require a good signal-to noise ratio and a sufficient spatial resolution. We cultured organoids embedded in matrix directly inside the ultra-thin FEP-foil cuvettes in order to preserve their morphology during fixation, staining and imaging ( Supplementary  Fig. 6 ). Murine pancreas organoid fragments were seeded in ultra-thin FEP-foil cuvettes and covered with the expansion medium in culture dishes. The organoids showed unhampered growth for up to ten days within the FEP cuvettes (Fig. 4a) , demonstrating that direct culture of the organoids in the FEP cuvettes is feasible. Subsequently, the organoid cultures were fixed and stained with DAPI within the ultra-thin FEP-foil cuvettes. We applied our recently developed multi-scale image analysis pipeline 43 to process the acquired image data. The cell nuclei (Fig. 4b) were segmented (Fig. 4c) and basic morphological features were extracted for individual organoids (see Movie 5) . In the middle column of Fig. 4b , a few nuclei of a neighbouring organoid can be observed that were also segmented. Figure 4d shows detailed views of segmented nuclei, indicating a good detection performance due to high image quality. Based on the nuclei segmentation data, surface areas and volumes of the organoids were approximated in 3D (Fig. 4e, Supplementary Table 2) . Furthermore, nuclei volume distributions within individual organoids were determined, which reveals differing median nuclei volumes for each organoid (Fig. 4f) .
Discussion
The pressure to work with delicate 3D cell cultures such as tissue sections, organoids and spheroids continues to rise, hence the demand for simple but versatile sample preparation methods for LSFM. In order to provide high quality imaging properties, we developed ultra-thin FEP-foil chambers, in particular cuvettes, which are easily manufactured and adapted to a sample's properties. We describe the fabrication of ultra-thin FEP-foil cuvettes as specimen holders for LSFM. We also demonstrate their applicability with representative 3D image stacks of structurally intact native and optically cleared whole organs, thick tissue sections, single organoids and dense organoid clusters.
In the pioneering days of LSFM, we introduced FEP-foil sample holders to study the 3D dynamic instability of 3D microtubule asters 37 . These early FEP-foil holders were produced by wrapping the FEP-foil sheet around a glass capillary and gluing it along the capillary's axis to form a cylindrical container. Although we obtained good image quality using FEP-cylinders, the technique held several drawbacks, including leakage and restricted rotation for multiple-views imaging due to light scattering caused by the glue line. The ultra-thin FEP-foil cuvettes overcome these issues.
The production of ultra-thin FEP-cuvettes combines 3D printing and vacuum forming. Both technologies are affordable and easily available. They provide microscope developers and users with a lot of freedom for customisation. Using the newly developed flexible, resilient and seamless ultra-thin FEP-foil cuvettes as sample containers for LSFM simplifies sample preparation and handling of large specimens. In particular, the positioning of the specimen inside the cuvettes is much easier compared to rigid and fragile cuvette-like sample holders such as glass capillaries 35, 36 . Another advantage of the new ultra-thin FEP-foil cuvettes is their compatibility with broad ranges of native and optically cleared biological specimens, mounting media and refractive indices. We verified a high tolerance against spherical aberration originating from refractive index mismatches with frequently used optical clearing solutions such as CUBIC2 (n = 1.49) and ECi (n = 1.58). This tolerance is based on the very thin wall of the cuvette (10 µm-12 µm), which results from stretching the heated FEP-foil (original thickness about www.nature.com/scientificreports www.nature.com/scientificreports/ 50 µm) over the positive moulds in the vacuum forming process. The foil stretch is quantified by the draw ratio (=surface area/footprint). The calculated draw ratio, based on the geometry outlined in Supplementary Figure 2d , is 6. The measured draw ratio obtained from the average footprint and surface areas is around 4 ( Supplementary  Fig. 2d, table) . The draw ratio depends on the process of vacuum forming: the temperature of the foil, the suction pressure, the shape of the mould, the ratios of the mould's geometry, the curvature of the edges and the mould's material (Supplementary Fig. 2d ).
An important property is that both the shape and the seamless nature of ultra-thin FEP-foil cuvettes allow for an unrestricted rotation of the sample for multiple-view imaging. This simplifies the 3D reconstruction of multiple-views data sets, which improves the image quality of highly scattering specimens. Furthermore, the image quality is suitable for the application of state-of-the-art multiple-scale image analysis tools 43 and, thus, meets the requirements of quantitative methods for system-based analysis approaches. Beyond what we demonstrated, ultra-thin FEP-foil cuvettes are also suitable for long-term live imaging, since temperature and gas exchange remain controllable. FEP is an inert and bio-compatible material that does not interfere with the normal cell physiology 62 . Since FEP is impermeable to liquids, the composition of the internal media is under control since no external contamination or dilution due osmosis occurs. E,g, we cultured pancreas organoids embedded in Matrigel inside the ultra-thin FEP-foil cuvette for over a week prior to imaging. Moreover, we conducted live imaging to study the growth and morphogenesis of pancreas organoids for over 120 hours inside a FEP-cuvette (Lotta Hof, Till Moreth, unpublished data).
Besides FEP, other thermoplastic polymeric foils with a broad range of refractive indices are available on the market (Supplementary Table 3 ). Our preliminary tests of cyclo-olefine polymer foil (ZEONEX) with a thickness of 40 µm and a refractive index of 1.52, i.e. close to organic clearing solutions, has been performed successfully. The production of specimen holders from these foils by vacuum forming will further extend the usefulness of our approach.
In summary, ultra-thin FEP-foil cuvettes are "universal" and "congruent" sample holders that greatly simplify and standardise imaging of a broad spectrum of specimens, from small to large, both native and optically cleared. Introducing increasingly user-friendly and efficient procedures for specimen mounting in LSFM will encourage even more life scientists to take advantage of the most useful microscopy to address and answer biological questions.
